Introduction
============

Gliomas are the most common primary brain tumors that arise from the neuroectoderm ([@b1-mmr-15-04-1713]). Despite significant advances in complete surgery, radiotherapy and chemotherapy, the survival time of patients remains \~12 months following diagnosis ([@b2-mmr-15-04-1713]). Therefore, the identification of a potential biological target that increases the likelihood of patients with glioma achieving remission remains a priority. Furthermore, the majority of prognostic factors provide no insight into the molecular events that are responsible for tumor proliferation, apoptosis or additional biological properties of malignancy ([@b3-mmr-15-04-1713],[@b4-mmr-15-04-1713]). Currently, emerging novel targeted therapies, such as genetic treatment and immunological therapy, may provide alternative strategies for the treatment of glioma ([@b5-mmr-15-04-1713]).

The cluster of differentiation 164 (CD164) glycoprotein is a member of the sialomucin family, which is a mucin that contains sialic acid ([@b6-mmr-15-04-1713]). CD164 was first identified as a carrier of a peanut agglutinin-binding site, which is a tumor-associated carbohydrate marker expressed in human gastric carcinoma cells and bone marrow stromal reticular cells ([@b7-mmr-15-04-1713]--[@b9-mmr-15-04-1713]). Previous studies have demonstrated that CD164 modulates the proliferation, adhesion and migration of hematopoietic stem and progenitor cells ([@b10-mmr-15-04-1713],[@b11-mmr-15-04-1713]). It has been reported that CD164 regulates hematopoiesis by facilitating the adhesion of human CD34^+^ cells to bone marrow stroma ([@b12-mmr-15-04-1713]). In addition, CD164 has been demonstrated to regulate the growth and differentiation of normal cells, and is involved in malignant cell proliferation as well as invasion ([@b13-mmr-15-04-1713]). Furthermore, CD164 has been implicated in the maintenance and progression of multiple human solid cancers, including medulloblastoma, ovarian ([@b14-mmr-15-04-1713]) and colon ([@b15-mmr-15-04-1713]) cancers. A previous study demonstrated that CD164 may participate in the mediation of prostate cancer bone metastasis ([@b16-mmr-15-04-1713]). In addition, CD164 has been recognized as a biomarker for the detection of acute lymphoblastic leukemia and allergy ([@b17-mmr-15-04-1713],[@b18-mmr-15-04-1713]). These studies indicated that CD164 may function as a key molecule in the modulation of tumor progression. However, the role of CD164 in human glioma has yet to be elucidated. The present study investigated the expression profile of CD164 in glioma cells, and examined the correlation between CD164 and tumorigenesis of glioma cells *in vitro* and *in vivo*, including the proliferation and apoptosis levels.

Materials and methods
=====================

### Patients and tissue specimens

The ethics committee of The First Affiliated Hospital of Wenzhou Medical University (Wenzhou, China) approved the protocols employed in the present study (October, 2012). Samples consisted of 50 paired glioma and adjacent normal brain tissue samples (24 males and 26 females) admitted to the Department of Neurosurgery of The First Affiliated Hospital of Wenzhou Medical University (Wenzhou, China) between December 2013 and December 2015. The age of the patients ranged from 46 to 73 with a mean of 63±5 years. All cases were histologically confirmed by trained pathologists. No patients had received chemotherapy or radiotherapy prior to surgery, and informed consent was obtained from all patients.

### Cell culture

HEK-293T cells, three human glioma cell lines (U251, SHG-44 and U87) and normal human astrocytes (NHA) were purchased from the American Type Culture Collection (Manassas, VA, USA). All cell lines were cultured in Dulbecco\'s modified Eagle\'s medium (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) containing 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.) and maintained at 37°C and 5% CO~2~.

### Lentiviral infection

Short hairpin RNA (shRNA) specifically targeting human CD164 and negative scrambled control shRNA were purchased from Thermo Fisher Scientific, Inc. (Waltham, MA, USA). There were 19 nucleotides of the target sequence in the shRNA expression cassette prior to the loop sequence (TTCAAGAGA). The shRNA sequences were as follows: CD164, sense, 5′-TGAGAAAGCTCTCCACTCTGTTCAAGAGACAGAGTGGAGAGCTTTCTCTTTTTTC-3′, and antisense, 5′-ACTCTTTCGAGAGGTGAGACAAGTTCTCTGTCTCACCTCTCGAAAGAGAAAAAAGAGCT-3′; negative control, sense, 5′-TAACTAGTAACGGCTGCTCCTTCAAGAGAGGAGCAGCCGTTACTAGTTTTTTTTC-3′, and antisense, 5′-ATTGATCATTGCCGACGAGGAAGTTCTCTCCTCGTCGGCAATGATCAAAAAAAAGAGCT-3′. Lentiviruses were produced by cotransfection of the lentiviral packaging plasmids pMD.G and pMDLgpRRE (Ambion; Thermo Fisher Scientific, Inc.) into HEK-293T cells using calcium phosphate. A total of 5×105 U87 cells were transfected with 20 µg recombinant lentivirus-transducing units plus 6 mg/ml polybrene (BD Biosciences, San Jose, CA, USA). A total of 5×105 U87 cells overexpressing CD164 were established by transfection with the lentivirus-expressing pRSVRev-vector with the human CD164 coding sequence (Ambion; Thermo Fisher Scientific, Inc.) at a concentration of 5×109 Tu/ml. The blank control cells were treated with PBS.

### Cell proliferation

Cells were diluted to a density of 2×104 cells/ml, and 100 µl cell solution was transferred to each well of 96-well culture plates and incubated for 24, 48 or 72 h. Cell proliferation was then assessed using the Cell Counting kit-8 assay (CCK-8; Dojindo Molecular Technologies, Inc., Kumamoto, Japan), according to the manufacturer\'s protocol. Following incubation with 10 µl CCK-8 solution at 37°C for 60 min in a CO~2~ incubator, the absorbance at 490 nm was measured using a microplate spectrophotometer (BioTek Instruments, Inc., Winooski, VT, USA). This experiment was repeated twice.

### Annexin V/propidium iodide (PI) staining assay

To determine the extent of early apoptosis and late apoptosis/necrosis in cells, an Annexin V-FITC/PI apoptosis detection kit (BD Biosciences) was used according to the manufacturer\'s protocol. A total of ≥10,000 cells were analyzed for each sample. The proportion of U87 cells in early apoptosis and late apoptosis/necrosis were calculated by recording the percentage of Annexin V+/PI− and Annexin V+/PI+-labeled cells, respectively. The stained cells were analyzed directly by flow cytometry using the FACS Calibur machine (BD Biosciences) using the Cell Quest program (BD Biosciences) for data analysis.

### Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis

Total RNA was extracted from the tissue samples and 5×106 U87 cells using TRIzol reagent (Thermo Fisher Scientific, Inc.) according to the manufacturer\'s protocol. RNA concentrations were determined by spectrophotometry (DU-800; Beckman Coulter). A 260/280 absorbance ratio of 1.96 implied clean RNA at a concentration of 0.23 mg/ml. Total 1 µg RNA was reverse transcribed to cDNA using the PrimeScript RT Reagent kit (Applied Biosystems; Thermo Fisher Scientific, Inc.), according to the manufacturer\'s instructions. qPCR was performed using the ABI 7300 Real-Time PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc.) with the following amplification conditions: 30 sec at 98°C, 30 cycles of 10 sec at 98°C, 15 sec at 60°C, 15 sec at 72°C and 2 min at 72°C. The primer sequences were as follows: CD164, forward, 5′-TGAGCCCTGAACACCAGAGAG-3′, and reverse, 5′-AAAGCCAGATGAGCGCTTCTA-3′; phosphatase and tensin homolog (PTEN), forward, 5′-TCGTGGGTGCCTCGCT-3′, and reverse, 5′-CACCACTACAGCCAGCATTTTC-3′; GAPDH, forward, 5′-AACGGATTTGGTCGTATTGGG−3′, and reverse, 5′-TCGCTCCTGGAAGATGGTGAT-3′. The expression target genes in all samples was normalized to GAPDH. Following data collection, target gene expression was quantified by relative quantitative analysis using the 2-^ΔΔ^Cq method as described previously ([@b19-mmr-15-04-1713]).

### Western blot analysis

A total of 5×106 U87 or NHA cells were washed and lysed with lysis buffer (20 mmol/l Tris-HCl (pH 7.4), 100 mmol/l NaCl, 1% NP40, 0.5% sodium deoxycholate, 5 mmol/l MgCl~2~, 0.1 mmol/l phenylmethylsulfonyl fluoride, and 10 mg/ml protease inhibitor mixture) from Nanjing KeyGen Biotech. Co., Ltd. (Nanjing, China). The suspension was centrifuged at 5,000 × g at 4°C for 10 min, followed by centrifugation at 16,000 × g at 4°C for 30 min, and then the supernatant was collected and kept at −70°C until use. Whole cell proteins were extracted using Mammalian Protein Extraction Reagent (Pierce; Thermo Fisher Scientific, Inc.), while protein concentrations were measured using a bicinchoninic acid assay kit (Pierce; Thermo Fisher Scientific, Inc.). Equal amounts of total protein (20--40 µg) were electrophoresed in an 8% SDS-PAGE gel with Tris-glycine, before they were transferred to a nitrocellulose membrane. The membranes were then blocked with Tris-buffered saline containing 5% non-fat milk powder at room temperature for 1 h, and were incubated with specific antibodies for CD164 (catalog no. C9618; 1:500), Bax (catalog no. B8429; 1:1,000), Bcl2 (catalog no SAB4300339; 1:1,000), caspase3 (catalog no. SAB4503292; 1:1,000), PTEN (catalog no. SAB4300337; 1:1,000), p53 (catalog no. P9249; 1:1,000), total AKT (catalog no. SAB4500799; 1:1,000) and phospho-AKT (catalog no. SAB4503853; 1:1,000), all from Sigma-Aldrich, Merck KGaA, Darmstadt, Germany. The membranes were subsequently probed with anti-rabbit lgG (catalog no. A0545; 1:5,000) or anti-mouse lgG (catalog no. SAB3701044; 1:5,000) secondary antibody conjugated with horseradish peroxidase (Sigma-Aldrich, Merck KGaA) at room temperature for 1 h. Band signals were detected using an enhanced chemiluminescence kit (Pierce; Thermo Fisher Scientific, Inc.) and immunoreactive bands were quantified using Alphaimager 2200 (Alpha Innotech, San Leandro, CA, USA). β-actin was used as the internal control.

### In vivo tumorigenesis

In vivo experiments were conducted as described previously ([@b20-mmr-15-04-1713]). A total of 50 male athymic BALB/c nu/nu mice (age, 4--6 weeks) were obtained from the Shanghai Experimental Center, Chinese Science Academy (Shanghai, China) and maintained under pathogen free conditions in a temperature and humidity controlled animal care facility with a 12 h light dark cycle. Mice were allowed access to sterile food and water ad libitum. NHA infected with vector control or CD164 lentivirus were injected subcutaneously into the flank of nude mice at a dose of 1×107 cells/mouse. A 100 µl aliquot of the U87 cell suspension (equivalent to 1×107 U87 cells) was injected into the flank of nude mice in the corresponding group. Following 56 days of tumor growth, the experiment was terminated and mice with subcutaneous tumors were sacrificed by cervical dislocation.

### Immunolocalization of the Ki-67 marker of proliferation in tumor samples

Paraffin-embedded subcutaneous xenograft tissue sections were fixed with 4% paraformaldehyde at room temperature for 24 h. Following washing in phosphate-buffered saline, the endogenous peroxidase activity of slides was blocked with protein blocking solution (Dako, Glostrup, Denmark) at room temperature for 30 min. For Ki-67 immunohistochemistry, the samples were first incubated with a primary antibody against Ki-67 (catalog no. SAB5500134; 1:100) overnight at 4°C (Sigma-Aldrich, Merck KGaA), followed by incubation with an appropriate anti-rabbit lgG (catalog no. A0545; 1:5,000; Sigma-Aldrich, Merck KGaA) at room temperature for 2 h. The immunogenicity of slides was detected using the Vecstain™ ABC kit (Vector Laboratories, Burlingame, California, USA) according to the manufacturer\'s protocol. The stained slides were analyzed under a light microscope (Olympus Corporation, Tokyo, Japan), and were analyzed using the Image-Pro Plus software system version 6.0 (Media Cybernetics, Inc., Rockville, MD, USA). A total of 20 fields of view were assessed by an investigator who was blinded to the experimental data.

### Terminal deoxyribonucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) assay

The number of apoptotic cells in the subcutaneous xenograft tumors was studied using an *in situ* cell death detection kit purchased from Roche Diagnostics (Basel, Switzerland), which was performed according to the manufacturer\'s protocol. Counterstaining was performed with hematoxylin (Nanjing Keygen Biotech Co., Ltd.) at room temperature for 1 min. The tissue sections were mounted under a glass coverslip and viewed under a light microscope by two different pathologists unaware of the xenograft tumor groups. The apoptotic cells were counted in 20 randomly selected fields of the most affected tumor areas under ×400 magnification.

### Statistical analysis

All data were expressed as the mean ± standard deviation for the absolute values or percentages of controls. Data were evaluated by one-way analysis of variance followed by Student-Newman-Keuls-q multiple comparisons tests using SPSS software (version 17.0; SPSS, Inc. Chicago, IL, USA,). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Analysis of CD164 in glioma cell lines and clinical specimens

CD164 mRNA expression levels in U251, SHG-44 and U87 glioma cell lines was significantly higher when compared with NHA cells (P\<0.001, P\<0.001 and P\<0.001, respectively; [Fig. 1A](#f1-mmr-15-04-1713){ref-type="fig"}). In addition, CD164 protein expression levels were determined in U251, SHG-44 and U87 glioma cell lines, and the NHA cell line by western blot analysis. CD164 expression was almost undetectable in NHA cells and was visibly elevated in U251, SHG-44 and U87 cells by comparison ([Fig. 1B](#f1-mmr-15-04-1713){ref-type="fig"}). As the level of CD164 expression in U87 cells was significantly upregulated in contrast to U251 and SHG-44 cells, U87 cells were selected for subsequent experiments. To further validate the expression of CD164 in glioma *in vivo*, the expression of CD164 in 50 gliomas and normal adjacent tissue samples was analyzed by RT-qPCR analysis. Compared with normal brain tissues, the glioma tissues demonstrated a significant increase in CD164 mRNA expression levels (P\<0.001; [Fig. 2](#f2-mmr-15-04-1713){ref-type="fig"}), indicating that CD164 may be associated with the development and progression of glioma.

### Overexpression of CD164 promotes cell growth of NHA cells in vitro and in vivo

In order to determine the transforming effect of CD164 in normal cells, CD164 was overexpressed in NHA cells ([Fig. 3A](#f3-mmr-15-04-1713){ref-type="fig"}). Ectopic expression of CD164 significantly promoted cell growth in NHA cells when compared with the vector control cells, as determined using the CCK-8 assay ([Fig. 3B](#f3-mmr-15-04-1713){ref-type="fig"}). A previous study demonstrated that the Bcl-2-associated X, apoptosis regulator (Bax)/B cell lymphoma 2 (Bcl2) ratio represents the critical balance of regulatory pro-apoptotic and anti-apoptotic proteins in the process of apoptosis ([@b21-mmr-15-04-1713]). As expected, visible increases in Bcl2 protein levels and decreases in Bax and PTEN protein levels were detected in NHA cells overexpressing CD164 ([Fig. 3A](#f3-mmr-15-04-1713){ref-type="fig"}). These results suggest that CD164 may modulate NHA progression by increasing cell proliferation, which is considered to be associated with a significant decrease in the Bax/Bcl2 ratio ([@b22-mmr-15-04-1713]). Cell viability was significantly increased in NHA cells overexpressing CD164 when compared with the vector control at 24, 48 and 72 h following transfection (P\<0.01, P\<0.001 and P\<0.001, respectively; [Fig. 3B](#f3-mmr-15-04-1713){ref-type="fig"}). Based on these results, it was hypothesized that CD164 may be involved in promoting tumor growth *in vivo*. Therefore, a subcutaneous tumor xenograft model in nude mice was generated to assess the tumor formation ability of NHA-CD164 cells, which was compared with U87 cells as a positive control. Subcutaneous injection of NHA-CD164 cells and U87 cells lead to tumor formation in all nude mice. NHA-CD164 and U87 tumors were evident at 10 days following implantation, whereas NHA-vector control tumors were too small to be measured at 56 days following implantation. The average weight of the tumors formed by the subcutaneous injection of NHA-CD164 cells was significantly higher than those formed by U87 cells (1294.5±385.2 mg vs. 637.2±113.8 mg; P\<0.001; [Fig. 3C](#f3-mmr-15-04-1713){ref-type="fig"}).

### Downregulation of CD164 inhibits the proliferation of glioma cells

In order to investigate the function of CD164 in tumorigenesis *in vivo*, its expression was silenced in U87 cells by tumor-specific lentivirus-mediated shRNA targeting of the CD164 gene. The U87 cells with silenced CD164 expression were then used to determine whether this was associated with inhibition of cell proliferation *in vitro*. The mRNA and protein levels of CD164 in U87 cells were analyzed by RT-qPCR and western blot analyses, respectively. Transfection of CD164 shRNA resulted in a significant downregulation in CD164 mRNA expression levels when compared with those transfected with negative control shRNA (P\<0.001; [Fig. 4A](#f4-mmr-15-04-1713){ref-type="fig"}). In addition, protein expression levels were markedly decreased in shCD164-tranfected cells when compared with negative control shRNA or blank control cells ([Fig. 4B](#f4-mmr-15-04-1713){ref-type="fig"}). CD164 mRNA and protein expression levels were not significantly altered between cells transfected with negative control shRNA and blank controls ([Fig. 4A and B](#f4-mmr-15-04-1713){ref-type="fig"}).

### The effect of downregulated CD164 expression on the proliferation of U87 cells was then investigated further

U87 cell viability was decreased by 45.8±7.5% in response to CD164 knockdown when compared with cells transfected with negative control shRNA or blank control cells (P\<0.01; [Fig. 4C](#f4-mmr-15-04-1713){ref-type="fig"}). In addition, the involvement of CD164 in the apoptosis of U87 cells was assessed using an Annexin V/PI assay. Silenced CD164 expression was associated with a marked increase in the percentage of apoptotic U87 cells compared with BC or NC group, demonstrating a statistically significant difference ([Fig. 4D](#f4-mmr-15-04-1713){ref-type="fig"}). It has been previously reported that caspase 3 is involved in the terminal phase of apoptosis ([@b23-mmr-15-04-1713]). Therefore, the activation of apoptosis was investigated in the present study by measuring caspase 3 cleavage in U87-shCD164 cells. Knockdown of CD164 expression was associated with a visible increase in the protein expression levels of cleaved caspase 3 ([Fig. 4B](#f4-mmr-15-04-1713){ref-type="fig"}). In addition, the results demonstrated that downregulation of CD164 visibly reduced the level of Bcl2 and promoted the expression of Bax ([Fig. 4B](#f4-mmr-15-04-1713){ref-type="fig"}).

### CD164 shRNA inhibits tumor growth in a nude mouse xenograft tumor model

In order to elucidate the potential tumorigenic function of CD164 in glioma cells *in vivo*, a xenograft tumor model was established to compare the tumorigenesis of U87 cells with or without transfection of CD164 shRNA. As shown in [Fig. 5A](#f5-mmr-15-04-1713){ref-type="fig"}, the final tumor weights were significantly lower in the U87-shCD164 group when compared with the negative control shRNA group (\>50% reduction, n=8; P\<0.001). Furthermore, the average weight of tumors in the negative control shRNA group was not statistically different from the blank control group ([Fig. 5A](#f5-mmr-15-04-1713){ref-type="fig"}).

### Tumor immunohistochemistry in vivo

In order to examine the expression of Ki-67 in the tumor tissues, immunohistochemical staining was performed. Tumors from the U87-shCD164 group demonstrated visibly lower positive immunohistochemical staining for Ki-67 when compared with the negative control shRNA and blank control groups ([Fig. 5B](#f5-mmr-15-04-1713){ref-type="fig"}). A TUNEL staining assay for apoptosis was subsequently performed in these tumor tissues. The rate of apoptosis was visibly increased in the U87-shCD164 group when compared with the negative control shRNA and blank control group ([Fig. 5C](#f5-mmr-15-04-1713){ref-type="fig"}), which suggests that downregulation of CD164 inhibited glioma growth and promoted glioma apoptosis *in vivo*.

### CD164 shRNA upregulated PTEN and inhibited the phosphoinositide 3-kinase (PI3K)/AKT pathway

To further investigate the molecular mechanisms underlying the involvement of CD164 in the regulation of glioma growth and apoptosis, the levels of PTEN and its downstream targets were assessed by western blot analysis in U87 cells transfected with CD164 shRNA. PTEN and p53 protein expression levels were markedly increased in U87 cells following CD164 shRNA transfection compared with cells transfected with negative control shRNA or blank control cells ([Fig. 6A](#f6-mmr-15-04-1713){ref-type="fig"}). By contrast, the level of AKT phosphorylation was notably decreased in cells following CD164 shRNA transfection when compared with cells transfected with negative control shRNA or blank control cells ([Fig. 6A](#f6-mmr-15-04-1713){ref-type="fig"}). Further investigation was conducted to determine whether CD164 shRNA transfection increases PTEN mRNA expression levels in U87 cells. As shown in [Fig. 6B](#f6-mmr-15-04-1713){ref-type="fig"}, silencing of CD164 in U87 cells significantly increased the expression of PTEN mRNA compared with cells transfected with negative control shRNA (P\<0.001). Western blot analysis was subsequently performed to determine whether CD164 shRNA-mediated suppression of xenograft tumor growth in mice was associated with upregulation of PTEN in tumors, as observed in cultured cells. PTEN protein levels were markedly increased in tumors from the U87-shCD164 mice when compared with those from the control groups ([Fig. 6C](#f6-mmr-15-04-1713){ref-type="fig"}). In addition, there was a visible increase in p53 protein levels in U87-shCD164 xenograft tumors tissues compared with the controls ([Fig. 6C](#f6-mmr-15-04-1713){ref-type="fig"}). These alterations in PTEN and p53 protein levels in U87-shCD164 mice were consistent with the observed expression alterations of these proteins in the cultured cells following transfection with CD164 shRNA ([Fig. 6A](#f6-mmr-15-04-1713){ref-type="fig"}). These results indicate that the tumorigenicity of CD164 in glioma cells may be mediated by the PTEN/PI3K/AKT pathway.

Discussion
==========

RNA interference (RNAi) techniques have been proven to be a powerful tool for identifying novel and unexpected tumor promotors and suppressors. Multiple previous studies have used the RNAi approach for the treatment of cancer, in particular those caused by overexpression of oncogenes ([@b14-mmr-15-04-1713]). The present study utilized the RNAi approach to investigate the tumorigenic function of CD164 in glioma. The results of the present study demonstrated that the level of CD164 was increased in malignant glioma cells when compared with normal cells. In addition, RT-qPCR results revealed that CD164 expression was higher in glioma samples when compared with paired normal adjacent brain tissues. This differential expression of CD164 suggests that CD164 may be involved in glioma malignancy. Previous studies have demonstrated that CD164 expression is upregulated in colon cancer, which suggests that CD164 may function as a tumor promoter, and may therefore present a potential target for the treatment of cancer ([@b16-mmr-15-04-1713]). These results are consistent with those presented in the current study.

Previous studies have revealed that CD164 is involved in cancer development via the regulation of cell apoptosis and survival in several cancers ([@b14-mmr-15-04-1713]--[@b18-mmr-15-04-1713]). In addition, CD164 has been implicated in the regulation of human ovarian cancer invasion, and silencing of CD164 expression significantly decreased the metastasis of ovarian cancer cells ([@b20-mmr-15-04-1713]). In the present study, CD164 expression levels were upregulated in NHA cells to investigate the tumorigenic effects of CD164 on NHA cells. The results demonstrated that the overexpression of CD164 promotes the growth of NHA cells *in vitro* and *in vivo*, which supports the hypothesis that CD164 may function as a tumor promoter. Previous studies have reported that CD164 is a potential oncogene, based on its ability to target the C-X-C motif chemokine receptor 4 ([@b15-mmr-15-04-1713],[@b20-mmr-15-04-1713]). In the present study, CD164 was implicated in the regulation of NHA proliferation and apoptosis by suppressing Bax expression and promoting Bcl-2 expression.

To further elucidate the tumorigenicity of CD164 in glioma, a CD164-silenced cell line was successfully generated by infecting lentivirus CD164 shRNA into U87 cells. The results demonstrated that CD164 was associated with glioma cell growth. Downregulation of CD164 inhibited cell growth and induced cell apoptosis in U87 cells. Previous studies have indicated that the Bax/Bcl2 ratio is involved in the release of cytochrome c to the cytosol, resulting in caspase activation ([@b21-mmr-15-04-1713]). In addition, overexpression of the anti-apoptotic Bcl2 protein protects cells from apoptosis induced by stimulants ([@b22-mmr-15-04-1713]). The present study demonstrated that silencing of CD164 in U87 cells results in upregulation of cleaved caspase 3 and alters the Bax/Bcl2 ratio by increasing Bax and decreasing Bcl2 expression. These *in vitro* results indicated that a decrease in CD164 expression may have participated in the apoptosis of U87 cells.

To further investigate whether the anti-proliferative effects of CD164 silencing on glioma cells is sustained *in vivo*, CD164-silenced and non-silenced U87 cells were subcutaneously injected into mice. The *in vivo* results of the present study were similar to the *in vitro* results. CD164 knockdown significantly inhibited tumor growth *in vivo*. These results are consistent with the observed decrease in Ki-67 immunoreactivity and increased TUNEL staining observed in the xenograft tumors. Therefore, the *in vitro* and *in vivo* results of the present study indicated that CD164 dysfunction may lead to decreased glioma tumor growth.

In order to investigate the molecular mechanisms underlying the CD164-associated promotion of tumorigenesis in glioma, the expression PTEN in glioma was detected. During normal tissue development, PTEN functions as an essential regulator of cell proliferation, apoptosis, migration and differentiation ([@b17-mmr-15-04-1713]). Furthermore, PTEN is an established tumor suppressor gene that possesses dual-specificity phosphatase activities. Dysregulation of PTEN in mice results in the development of multiple solid tumors, and depletion of PTEN promotes the development of multiple cancers ([@b23-mmr-15-04-1713],[@b24-mmr-15-04-1713]). The PI3K/AKT signaling pathway is an intracellular signaling pathway, and activation of this pathway has been observed in a variety of tumors. Phosphorylation of AKT exerts anti-apoptotic effects by regulating downstream substrates, including Bax and Bcl2. Loss of PTEN results in hyperactivation of PI3K/AKT pathway ([@b25-mmr-15-04-1713]). In addition, previous studies have revealed that PTEN is implicated in glioma; however, the regulation of PTEN during glioma progression remains unclear ([@b26-mmr-15-04-1713],[@b27-mmr-15-04-1713]). Consistent with these observations, the results of the present study have provided novel evidence demonstrating that the expression of PTEN at the mRNA and protein level was increased in response to CD164 depletion. The observed upregulation in PTEN expression was associated with decreased AKT phosphorylation, and an increase in p53 expression, as well as the growth inhibition of glioma cells *in vitro*. Notably, the *in vitro* results were confirmed *in vivo*. These results implied that the tumorigenic effects of CD164 in the progression of glioma may be dependent on the PTEN/PI3K/AKT signaling pathway.

In conclusion, the present study revealed for the first time, that the expression of CD164 may be involved in the tumorigenesis of glioma via the PTEN/PI3K/AKT signaling pathway. These results provide an improved understanding of the mechanisms of tumorigenesis in glioma, and CD164 may therefore present a novel candidate therapeutic target for the treatment of patients with glioma.
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![CD164 expression was increased in glioma U251, SHG-44 and U87 cells when compared with NHA cells, as determined using (A) RT-qPCR and (B) western blot analyses. GAPDH was used as a control for RT-qPCR analysis and β-actin was used as a loading control for western blotting. \*\*\*P\<0.001 vs. NHA. CD164, cluster of differentiation 164; NHA, normal human astrocytes; RT-qPCR, reverse transcription-quantitative polymerase chain reaction.](MMR-15-04-1713-g00){#f1-mmr-15-04-1713}

![CD164 mRNA expression levels in glioma tissues were significantly higher when compared with paired adjacent normal brain tissues. \*\*\*P\<0.001 vs. normal tissues. CD164, cluster of differentiation 164.](MMR-15-04-1713-g01){#f2-mmr-15-04-1713}

![Effect of CD164 on the cell growth of NHA cells *in vitro* and *in vivo*. (A) Western blot analysis of CD164, PTEN, apoptotic Bax and anti-apoptotic Bcl2 proteins in NHA-CD164 cell lysates. β-actin was used as a loading control. \*\*P\<0.01 and \*\*\*P\<0.001 vs. NHA-vector control. (B) The effect of CD164 overexpression on NHA proliferation, as determined using the Cell Counting kit-8 assay. (C) Macroscopic appearance and quantitative analysis of xenograft tumors following subcutaneous injection of NHA-vector control, NHA-CD164 and U87 cells in the flank of nude mice. \*\*\*P\<0.001 as indicated. CD164, cluster of differentiation 164; NHA, normal human astrocytes; PTEN, phosphatase and tensin homolog; Bax, Bcl-2-associated X, apoptosis regulator; Bcl2, B cell lymphoma 2.](MMR-15-04-1713-g02){#f3-mmr-15-04-1713}

![Silencing of CD164 inhibits the proliferation of U87 cells *in vitro*. (A) Knockdown of CD164 mRNA as determined by reverse transcription-quantitative polymerase chain reaction analysis. \*\*\*P\<0.001 vs. NC. (B) Western blot analysis of CD164, cleaved caspase 3, Bax and Bcl2 following transfection with CD164 shRNA. (C) Effect of CD164 shRNA on the proliferation of U87 cells. \*\*P\<0.01 vs. NC. (D) U87 cells were processed for Annexin V/PI staining and analyzed by flow cytometry following transfection with CD164 shRNA for 72 h. CD164, cluster of differentiation 164; Bax, Bcl-2-associated X, apoptosis regulator; Bcl2, B cell lymphoma 2; shRNA, short hairpin RNA; PI, propidium iodide; BC, blank control; NC, negative control.](MMR-15-04-1713-g03){#f4-mmr-15-04-1713}

![The antitumor effect of CD164 *in vivo*. (A) Necropsy photographs of subcutaneous tumors revealing the therapeutic benefit of CD164 knockdown. \*\*\*P\<0.001 vs. NC. (B) Representative images of immunohistochemistry of Ki-67 in the subcutaneous xenograft tissues (magnification, ×400). (C) The number of TUNEL-positive nuclei in U87-shCD164 tumors was visibly increased when compared with the BC or NC groups (magnification, ×400). CD164, cluster of differentiation 164; NC, negative control; BC, blank control; shCD164, CD164-specific short hairpin RNA.](MMR-15-04-1713-g04){#f5-mmr-15-04-1713}

![CD164 shRNA upregulated PTEN and inhibited the phosphoinositide 3-kinase/AKT signaling pathway in U87 cells. (A) Western blot analysis was performed to detect the levels of PTEN and its downstream target proteins following transfection with shCD164 in U87 cells. (B) PTEN mRNA expression levels were detected by reverse transcription-quantitative polymerase chain reaction in cultured U87 cells. (C) Western blot analysis demonstrating upregulated PTEN and p53 protein expression levels in U87-shCD164 xenograft tumor tissues. \*\*\*P\<0.001 vs. NC. CD164, cluster of differentiation 164; shRNA, short hairpin RNA; PTEN, phosphatase and tensin homolog; p-AKT, phosphorylated protein kinase B; shCD164, CD164-specific short hairpin RNA; NC, negative control; BC, blank control.](MMR-15-04-1713-g05){#f6-mmr-15-04-1713}
